The ability of the isolated perfused rat liver to catabolize plasma proteins has been investigated both with blood containing 131I-labelled isolated proteins (Gordon, 1957; Cohen & Gordon, 1958) and with blood containing whole plasma labelled with 14C (Green & Miller, 1960) . Since the rate of catabolism obtained for albumin by the former method (1 1-1 4 mg. of albumin/hr.) is very much below the value which might be expected from the experiments with 14C-labelled whole plasma [approximately 7 mg. of protein/hr./300 g. rat as calculated from the data given by Green & Miller (1960) , assuming that the catabolic rate of albumin in the liver is an average of that for the whole plasma], further work was needed to show whether the low results with [1311] albumin were due to the relatively slow catabolism of this protein in the liver compared with other plasma proteins, or to some discrepancy between the labels.
In vivo the many different proteins in whole plasma are catabolized at different rates and a different proportion of each may be expected to be broken down by the liver. Thus in order strictly to compare the two labels, single proteins are required, preferably in fully native form, labelled both with 14C and with 131I. For the present work rat albumin doubly labelled in this way has been used. The results show that there is fair agreement between the rates of catabolism calculated from liberation of non-protein 131I and from the amounts of 14C appearing in the liver, the plasma free amino acids and in the carbon dioxide. However, although the method of isolation was selected because of its mildness, the rate of catabolism as measured by 131I of the doubly labelled albumin was found to be considerably above that previously found for 131I-labelled fully native protein.
The present data cannot therefore be used directly to calculate the proportion of native albu in catabolized by the liver; however, they are considered to validate previous results obtained by means of ""'I-labelled proteins.
METHODS Perfusion apparatus and technique. The apparatus and
surgical technique were the same as described by Cohen & Gordon (1958) except that, for reasons given below, after 2 hr. the liver undergoing perfusion was taken out of the apparatus and replaced, with the minimum of delay, by a second rat liver. In order to expedite the change, the operation on the second liver donor was carried almost to completion before the removal of the first liver from the circuit. Great care was taken to avoid loss of blood, which contains labelled albumin, during cannulation of the second liver. The blood contained by the first liver was returned to the circuit by perfusion of the organ with 4 ml. of 0-9% NaCl. Heparin (500 i.u.) was injected into the liver donors via the penial vein immediately before the severance of the inferior vena cava. In addition to the heparin added to the blood at the time of its collection a further 1000 i.u. dissolved in 1 ml. of 0-9% NaCl was added to the perfusing blood soon after the introduction of the second liver. Carbon dioxide was collected and estimated for 14C radioactivity exactly as described by Freeman, Gordon & Humphrey (1958) .
Estimation of 14C radioactivity of plasma free amino acids. Samples of plasma were mixed with equal volumes of 20 % trichloroacetic acid. After centrifuging the free amino acids were isolated from the supernatants by means of columns of Zeo-Karb 225 (Gordon & Humphrey, 1960) . Portions of the resulting solution were then analysed for amino acids by the ninhydrin method (Jacobs, 1956 ) and for 14C radioactivity after combustion to C02 (Bradley, Holloway & McFarlane, 1954) . To ensure the presence of sufficient C02 an accurately measured amount of the solution (approx. 0-1 ml.) was allowed to soak into a piece of filter paper which had previously been placed in the platinum boat.
Estimation of liver 14C and 131I radioactivities. At the end of each perfusion blood was removed from the liver by the passage of 30 ml. of 0 9 % NaCl, which was slowly injected into the plastic tubing carrying the inflow cannula. Next, the remaining parts of the diaphragm and the vessels connected with the two cannulae were cut away and the liver was quickly rinsed and dried on filter paper. The whole liver was weighed and 3-4 g. cut from one of the main lobes, any part in which blood could still be seen being avoided. The sample thus obtained was then homogenized for approx. 1 min. with 10 vol. of 0-9% NaCl in a blender. After this treatment the homogenate was made 0-lN with respect to NaOH by addition of N-NaOH. A sample of this solution was transferred to a platinum boat for estimation of its 14C radioactivity.
Estimation of 181I radioactivity. 1811 was measured by scintillation counting. S.D. was not more than ± 3%.
Preparation of 14C-and "III-labelled rat albumin. L-[14C]-Leucine (90 Ac) was added to the rat blood used for perfusion of a rat liver. After 5-5 hr. 14% of the total radioactivity had become incorporated into the plasma proteins. In order to obtain plasma protein of maximum specific 34-2 531 activity the liver was perfused with blood, the plasma of which had previously been separated and diluted with Hanks medium. plasma and examined by paper electrophoresis (Jencks, Jetton & Durrum, 1955) . The strip was then scanned for 131I radioactivity with a slit 1 0 mm. in width. Twelve weeks later, scanning for 14C was also carried out. A slit 6 mm. in width was required for this purpose. The results are shown in Fig. 1 .
Extraction of plasma with organic solvent and estimation of such extractsfor 14C radioactivity. The plasma was extracted at low pH with 20% heptane in propan-2-ol (Dole, 1956 ). After addition of further heptane and water the organic solvent phase, which was water-clear, was removed, evaporated to dryness and estimated for 14C radioactivity by solid counting. Two thicknesses of lens paper were present on the planchets to ensure even evaporation of the organic solvent used for transfer.
Calculations
The calculation of the rate of albumin catabolism based on the amount of 131I radioactivity becoming soluble in 10 % trichloroacetic acid has been carried out by the method given by Cohen & Gordon (1958) . The calculation of the amount of 14C radioactivity transformed into liver components has taken into account the amount of 14C radioactivity still present in the organ after perfusion with 0.9% NaCl. This has been arrived at from the amount of 13LI radioactivity in a section of the liver chosen as being in excellent condition judged by freedom from traces of blood after perfusion with 0-9 % NaCl. From the weight of this section, in relation to the total wet weight of the liver, and its total L31I radioactivity, measured after homogenization as described above, and from the specific 1311 radioactivity of the final plasma, the volume of plasma still present in the whole liver was calculated (these amounts are given below). No correction for non-protein 131I in the liver has been introduced because after perfusion with 30 ml. of 0-9% NaCl only 2% of the total "3"I radioactivity was found to be in this form. Since the specific 14C radioactivity in the Fig. 1 plasma was known, the total 14C radioactivity present in the liver as unchanged albumin could be obtained. The rate of albumin catabolism is calculated from the rate of appearance of 140 radioactivity in the liver, as plasma free amino acid radioactivity and as 14CO2. As shown in Table 1 , this total rate is divided by the initial 14C-labelled plasma protein specific activity and the result multiplied by 0-50 and 0-42. These latter factors are required because albumin has been shown (Cohen, 1959) to account for 50% of the total protein present in rat plasma and to convert protein C into albumin as such. Liver perfusions with 14C-and '31I-labelled albumin. Although the primary purpose of the initial livers which were perfused for 2 hr. before the start of the main part of each experiment was to remove modified doubly labelled albumin molecules, the amounts of 14CO2 evolved in this part of the experiments were measured and is shown in Table 2 . With [14C]leucine-labelled albumin during the 4 hr. of perfusion of the second livers only 0-089-0-225 0/ of the radioactivity originally added appeared as 14CO2. With ['IC]-glycine-labelled albumin on the other hand 5-10 times more appeared as 14CO2. Table 3 shows the rates of 14CO2 formation and the rates of liberation of non-protein 1311 from the [14C]leucine-and 131I_ labelled albumin. In order to make possible comparisons of these rates both have been converted into mg. of albumin catabolized/hr. In perfusion no. 60, 1 hr. after the introduction of the second liver the rate of catabolism, as measured both from the 1311 and from the 14C labels, increased rapidly. In perfusion no. 61 this increase in rate did not take place. Table 1 gives the amounts of 14C radioactivity which remained in each liver after a final perfusion with 30 ml. of 0-9 % NaCl (corrected for unchanged doubly labelled albumin), the final plasma free amino acid 14C radioactivity and the 14CO radioactivity resulting from the main part of each experiment, i.e. when each second liver was being perfused. The totals of these amounts are also shown calculated as rates of albumin catabolism (see Calculations section).
RESULTS
By using [14C]leucine-labelled albumin the amounts of radioactivity found in the livers at the end of the experiments after perfusion with 0-9 % NaCl were 1-18 and 0.50% respectively of the totals initially added. These figures are subject to some inaccuracy since they have been obtained by subtraction of the amount of 14C due to residual plasma as estimated by 181I radioactivity (57 and 73 % of total liver 14C radioactivity in perfusions nos. 60 and 61 respectively) from the total 14C radioactivity of the liver. The liver 14C radioactivity Table 1. (1) Calculation of amount of albumin catabolized from radioactivity appearing as 14CO2, as plasma free 14C amino acids and as 14C remaining in the liver after perfusion with 0 9 % sodium chloride, and (2) amounts of albumin catabolized from 131I becoming soluble in 10 % trichloroacetic acid
The blood used for the perfusion of each of these livers had circulated through a preliminary liver for 2 hr.
after addition of the labelled albumin. A. H. GORDON estimated in this way nevertheless bore a fairly constant relationship, at 3-08 and 2-57, to the 14C recovered as C02 plus plasma free amino acids. In Table 4 are compared the rates of catabolism of ["4C]leucine-labelled albumin given by the first and second livers. These rates are derived both from the 13'I and the 14C labels but in the latter case, for the first liver, in perfusion no. 60 the rate is based on the rate of evolution of 14CO2 only. The factors used to obtain the total rates are shown in Table 4 . Some of the reasons that may explain the observed differences in the rates of catabolism given by the two livers in each experiment are examined in the Discussion.
Characterization of isolated albumin sample by electrophoresis on paper. As shown in Fig. 1 (1958) . With 131I-labelled proteins and the isolated perfused rat liver, the observed rate of ,catabolism has been found to be greatly dependent on the presence or absence of traces of modified protein (Gordon, 1957 The blood used for this perfusion had circulated through a liver for 2 hr. after addition of the '4C-labelled albumin. Time perfused (hr.)
4-1
Albumin catabolized calc. from 131I becoming 2 3 soluble in 10 % trichloroacetic acid/300 g. rat (mg./hr.) Non-plasma-protein 14C produced (mg. of 15-6 albumin catabolized/hr./300 g. rat) "CO2 evolved (albumin catabolized, % of 20-0 total albumin catabolized) catabolized relatively rapidly. As shown in Fig. 1 , the mobility of the minor component present with the [14C]leucine-labelled albumin was that of an ac-globulin. Evidence that proteins of similar mobility isolated from rat plasma are rapidly catabolized has been given by Cohen (1958) . In these circumstances little importance can be attributed to the non-correspondence in the rates of catabolism as measured by 14C and 131I with [14C]glycine-labelled albumin. For this reason perfusion no. 52 is not reported in detail.
Actual rates of catabolimsm of native albumin and globulins by the perfused liver. It will be noticed that the rates of catabolism calculated from the 131I liberated by the first liver were always lower than those given by the second. This may well have been due to the presence of soluble starch, derived from the starch gel, in solution with the labelled albumin. The large amount of this starch initially present in the blood used for perfusion presumably decreased the efficiency of the Kupffer cells in respect to their ability to remove denatured albumin (Benacerraf, Halpern, Stiffel, Cruchaud & Biozzi, 1955) . This would explain why the observed rate of catabolism by the first liver, as measured by 131I, is little above that characteristic of native rat albumin.
The present results with doubly labelled ([14C]-leucine and 1131) rat albumin support the previous claim of Cohen & Gordon (1958) that only 10-15 % of all rat albumin is catabolized in the liver. In view of the contrary claim of Green & Miller (1960) that the perfused rat liver can catabolize 14C0 labelled plasma at a rate that 'is in good agreement with published estimates of the biological half-life of labelled plasma proteins', it becomes of great interest to determine whether a much larger proportion of the total catabolism of the globulins is carried out by the liver. Since recent experiments with 13II-labelled y-globulin (Cohen, Gordon & Matthews, 1962) suggest that only about onethird of this protein is catabolized in the liver it would seem to follow that if Green & Miller's claim is true much larger proportions of the other globulins must be catabolized by this organ.
The presence in whole plasma of 14C-labelled non-protein components will doubtless have made some minor contribution to the high rate of 14CO2 evolution of 0-13%/hr. from 14C-labelled whole plasma reported by Green & Miller (1960) . However, correction for the 14CO2 evolved from such components can hardly be expected to decrease the rate of 14CO2 production to one comparable with that now observed from [14C]leucine-labeled isolated albumin (0.02-0.054 %/hr. 
CATABOLISM OF LABELLED ALBUMIN BY LIVER DifflCulties involved in 8imultaneous mea8urement
of catabolic rate8 of more than one plawma protein with either 131I or 14C. Attempts to estimate the proportion of whole plasma normally broken down in the liver are complicated by the existence in plasma of proteins of widely different catabolic rates. Unless synthesis is occurring the average rate of catabolism of such a mixture will decrease as the more rapidly catabolized components are used up. Although with 131I as the label synthesis need not be considered, and although for the short times, and with the relatively large-sized pools of plasma, employed for liver-perfusion experiments the changes in rate of catabolism during the perfusion may not be very large, two serious difficulties still remain. The first of these is that before use iodinated proteins must be freed from modified components by passage through a living animal. During this preliminary stage, with mixtures of proteins of very different catabolic rates, the proportions present would be seriously modified. Thus iodinated plasma prepared for a liver perfusion by this means would contain greatly reduced concentrations of the more rapidly catabolized components. Secondly, the interpretation of the results of such experiments would require knowledge of the relative degree of iodination of each component. Thus even for the perfused liver with complex mixtures such as plasma, the average catabolic rate cannot be directly measured by means of the 181I label. When 13II-labelled whole plasma is catabolized in vivo similar difficulties prevent calculation of the average catabolic rate of the plasma proteins. Since the alternative, the injection of 14C-labelled whole plasma into the whole animal, involves complications due to reutilization of the label, no direct means is at present available for accurately measuring the average rate of catabolism of a mixture of proteins either in a perfusion system or in vivo. In these circumstances the comparison made by Green & Miller (1960) of the catabolic rate of 14C-labellcd whole plasma in the rat liver with the rates in vivo of isolated proteins (Cohen, 1958; Oeff, 1954) hardly seems valid.
Thus the alternative of measuring and comparing the constant catabolic rates of individual proteins in the liver perfusion system and in vivo seems to be necessary. Since preliminary studies on the screening periods necessary for the more rapidly catabolized proteins will also be required, such investigations will take considerable time. The present experiments do, however, suggest that the data thus obtainable will be interpretable directly as evidence of the catabolic rates of each protein.
Ultimately sufficient information may thus be accumulated for an accurate estimate of the share of the liver in the total rate of catabolism of the plasma proteins in vivo to emerge. Fig. 3 , and S-V in Fig. 4) is the same in principle as that described by Gordon (1960) The following constructional and operational details may be noted. The current is applied to the upper surfaces of the pieces of gel by means of a hanging cellophan membrane (B) filled with 0-02M-phosphate buffer, pH 8-3. This membrane, which forms the bottom of an open-topped Perspex box (C), is partially supported by three wide Perspex bars (D). The four operative areas thus formed are positioned to coincide with the upper surfaces of the pieces of gel. The degree of contact with the pieces of gel can be adjusted by means of screws (F), which raise or lower the box (C) in relation to the gel holder. The thickness of the pieces of gel must be sufficient for there to be air gaps under each Perspex bar (D) without at the same time any loss of adequate contact between gel and membrane. The whole apparatus is filled with 0-02M-phosphate buffer, pH 8-3, to the levels S, S and S3 shown in Fig. 4 , and the air bubbles trapped under the bottom frame are removed. The buffer level in vessel (T), which must not be allowed to fall below the bottom of the cell, is determined by the exact position of sucker Ul. During passage of the current (200 mA for four pieces of Fig. 3 . Diagram of elution cell. The cell is constructed entirely from Perspex except for the two cellophan membranes, the sheet of 0-13 mm. thick polythene (which forms the bridges on which the pieces of gel rest) and the brass screws. Upper surfaces of the intermediate and bottom frames M and 0 are lightly greased with petroleum jelly before assembly to prevent possible liquid interchange between the compartments. The slot in frame J is sufficiently deep for contact with R to be on the inner edge of the frame rather than at the bottom of the slot. The cellophan membrant B should not be so large that its edges fold into the slot. After assembly the heads of the screws in K are covered with a layer of petroleum jelly. A, Gel compartments; B, cellophan membrane, which makes contact with upper surfaces of pieces of gel; C, open box; D, supporting bars; E, holes in polythene sheet; F, adjusting screws; G, open ends of compartments which contain solution into which protein is eluted; H, bars on which cell rests; J, frame forming upper part of the base of the open box (the frame is fabricated from sheet Perspex; details of fabrication are not shown); K, frame for holding pieces of gel; L, polythene sheet cut to form bridges; M, intermediate frame, similar to K; N, cellophan membrane; 0, bottom frame, similar to K; P, compartment which contains buffer solution into which protein is eluted; Q, slot in frame into gel), overheating and pH changes are prevented by means of the pumping system, which circulates buffer continuously between the cathode and anode vessels. Since, however, small gas bubbles are carried under the cell by the stream of buffer if the anode is placed in vessel (T), the use of a separate anode vessel (V) connected by a cloth bridge (W) has been found to be convenient. With albumin, passage of 200 mA for 3 hr. has been found to give 95 % recovery.
